With a prescribed Coulomb-type energy-momentum tensor, an exact solution of the Einstein field equations over a nonsimply-connected manifold is presented. This spherically symmetric solution has neither curvature singularities nor closed timelike curves. It can be considered to be a regularization of the singular Reissner-Nordström solution over a simply-connected manifold.
The vacuum Einstein field equations over M 4 = R 4 have a spherically symmetric solution, the Schwarzschild solution [1] [2] [3] [4] . Recently, a 'simple' modification of the standard Schwarzschild solution has been suggested [5] , which has no curvature singularity but does have closed timelike curves inside the Schwarzschild event horizon. Here, we show that a further 'simple' modification allows us, in principle, to eliminate these closed timelike curves.
The basic idea is as follows. The problematic closed timelike curves of the modified Schwarzschild solution [5] trace back to the fact that the original singularity was spacelike [4] .
But it is well-known that the singularity of the standard Reissner-Nordström solution [6] [7] [8] [9] is timelike. This suggest, first, to add a small electric charge and, then, to modify the resulting Reissner-Nordström solution in order to arrive at a nonsingular solution. This suggestion turns out to be correct, as will be demonstrated in the following.
In this article we use units with G N = c = 1 and consider spherically symmetric solutions of the Einstein field equations [4] ,
where the energy-momentum tensor T ν µ is set equal to a prescribed energy-momentum tensor Θ ν µ (for spherical coordinates),
This particular Θ ν µ corresponds to the energy-momentum tensor of a Coulomb-type electric field. The standard Reissner-Nordström solution [6, 7] in the exterior region has a metric given by the following line element:
with coordinates t ∈ R, r > r
, and φ ∈ [0, 2π). Here, M can be interpreted as the mass of the central object and Q as its electric charge.
The corresponding nonsingular solution of the Einstein field equations will be seen to have a further length parameter b (an operational definition of b will be given later). The three parameters of the solution are assumed to be related as follows:
with definitions
Note that, for the classical theory, the electric charge |Q| can be arbitrarily small, as long as it remains nonzero.
For the construction of the nonsingular solution with parameters (3), we can simply refer to Carter's original article [9] for the standard Reissner-Nordström solution and follow the same modification procedure as used in our previous article [5] for the Schwarzschild solution.
As we are primarily interested in the removal of the curvature singularity, we focus on the spacetime region III (ζ < ζ − ). No essential change occurs for the spacetime regions I and II (ζ ≥ ζ − ), because they do not reach the singularity (see Fig. 1b of Ref. [9] or Fig. 25 of Ref. [4] ).
The Ansatz metric for ζ > b is then given by the following line element [9] :
with angular coordinates Θ and Φ of unspecified range and ζ > b implicitly given in terms of the coordinates ψ ∈ R and ξ ∈ (−π/2, π/2) by the relation
where the expression for the function F (ζ) is somewhat cumbersome. Specifically, the function F (ζ) is obtained as the solution of the differential equation dF/dζ = 2/(1 − 2M/ζ + Q 2 /ζ 2 ) with boundary condition F (0) = 0:
The next step is to use the original time coordinate T ∈ R and the proper coordinates of the noncompact, orientable, nonsimply-connected manifold M 3 , discussed extensively in
Refs. [10] [11] [12] . This manifold M 3 (its topology will be recalled later) is described by three coordinates charts, (X n , Y n , Z n ), for n = 1, 2, 3. Here, we only give explicitly the chart-2
coordinates, which we abbreviate as follows:
is a radial-type coordinate and that X and Z are angular spherical coordinates of restricted range.
For the Ansatz metric from (5a), the coordinate T ∈ R can be introduced in the standard way [4, 9] and the coordinate Y ∈ R by the following replacement [5] :
with ζ ψ, ξ from (5b) and a sign function s ∈ {−1, +1} depending on the angular coordinates X and Z. From the resulting Ansatz metric (5a) in terms of coordinates (T, X, Y, Z), the region-III line element with the defect at ζ = b included is then found to have the form:
Extension of the very same Ansatz metric (5a) gives the nonsingular metric for the regions I (ζ + ≤ ζ) and II (ζ − ≤ ζ < ζ + ), implying that the apparent singularities at ζ = ζ ± in (7a) can be removed by appropriate coordinate transformations. See Refs. [4, 9] for further details.
This completes the construction of our 'new' metric (7) . Note that (7a) takes precisely the form of the original Reissner-Nordström metric (2) 
The spacetime from the metric (7) copied to all charts corresponds to a noncompact, orientable, nonsimply-connected manifold without boundary. This spacetime has the topology
where RP 3 is the 3-dimensional real projective plane (topologically equivalent to a 3-sphere with antipodal points identified). The main result of this article is that the factor R in (8a) corresponds to the timelike direction of the metric (7), making for a spacelike hypersurface M 3 in the spacetime region III. In turn, this observation implies the absence of closed timelike curves.
The Kretschmann curvature scalar over the manifold (8) is given by Mathematically speaking, the nonsingular solution (7) with parameters (3) can be considered to be a "regularization" of the singular Reissner-Nordström solution. But it is also possible that this nonsingular solution appears in a physical context. In fact, we can repeat the discussion of the last two paragraphs in Ref. [5] , making only a few minor changes. with one charge expelled towards spatial infinity. These two quantum processes combined may result in a transition from a simply-connected manifold without localized charge to a nonsimply-connected manifold with localized charge Q = ± |Q electron | ≡ ± e. Hence, if the transition amplitude between the different topologies is nonzero for appropriate matter content, quantum mechanics can operate a change between the classical Schwarzschild solution and the classical solution (7) with Q = ± e and an additional charge ∓ e at infinity, thereby removing the curvature singularity while avoiding closed timelike curves.
